A B S T R A C T In vitro studies have suggested that catabolism of branched chain amino acids is linked with alanine and glutamine formed in, and released from, muscle. To explore this possibility in vivo, static and kinetic studies were performed in three patients with classical, and one patient with partial, branched chain a-ketoacid decarboxylase deficiency (maple syrup urine disease, MSUD) and compared to similar studies in eight age-matched controls. The subjects underwent a 24-30-h fast, and a glucose-alanine flux study using stable isotopes. Basal plasma leucine concentrations were elevated (P < 0.001) in patients with MSUD (1,140+125 ,uM vs. 155±18 ,uM in controls); and in contrast to the controls, branched chain amino acid concentrations in plasma increased during the fast in the MSUD patients. Basal plasma alanine concentrations were lower (P < 0.01) in patients with classical MSUD (153±8 ,M vs. 495±27 uM in controls). This discrepancy was maintained throughout the fast despite a decrease in alanine concentrations in both groups. Plasma alanine and leucine concentrations in the patient with partial MSUD were intermediate between those of the controls and the subjects with the classical form of the disease. Circulating ketone bodies and glucoregulatory hormones concentrations were similar in the MSUD and normal subjects during the fast. 
INTRODUCTION
During periods of caloric deprivation, muscle serves as a source of potential gluconeogenic amino acids. Two amino acids, alanine and glutamine, are released from muscle in excess of their content in tissue protein and are presumed to be formed from other substrates within the myocyte (1) . Recent in vitro studies have implicated branched chain amino acid catabolism in the production of alanine from both rat diaphragm (2) and epitrochlaris muscle (3) .
In normal human subjects, it is difficult to document the relative contribution of branched chain amino acid catabolism to alanine production. Therefore, we have studied the hormone and substrate responses to fasting and the dynamic flux of glucose and alanine in four children with congenital enzymatic defects in the oxidative decarboxylation of branched chain amino acids (maple syrup urine disease, MSUD1). These studies demonstrate that alanine flux in these children inversely correlates with the severity of the enzymatic defect, when compared to the flux in normal children.
Patient population. Three related Caucasian children with classical MSUD (C-MSUD) and one Negro child with partial MSUD (P-MSUD) were studied (Table I) . During this study they were consuming an artificial diet containing 50-60 mg/kg body wt of leucine, 1.5-2 g/kg body wt of crystalline amino acids (MED-71004, General Biochemicals Div., The Mogul Corp., Chagrin Falls, Ohio) and 70-90 cal/kg body wt per day. The patient with P-MSUD was 30-mo-old and was controlled on a 1-g/kg body wt protein diet. Her branched chain a-keto acid oxidative decarboxylase activity was 15% of normal in peripheral leukocytes. The fasting and flux data from the MSUD patients were compared to those of eight normal children (85+9-mo-old, mean-+SE), who underwent a 30-h fast and deuterium-labeled alanine and glucose flux studies. The normal children were studied as part of an evaluation of symptoms which were suggestive of hypoglycemia. None had documented hypoglycemia before, during, or after these studies (Table I) .
Study protocol. After written parental consent, all children were admitted to the Washington University Clinical Research Center at St. Louis Children's Hospital. All subjects were fasted after an evening meal (1700 h). 2-3 ml of blood were drawn at 1800 (zero time), 2400, 0800 h (14 h fasting), and every 4 h for 30 h in the normal children and 26 h in the patients with MSUD. The patients were monitored carefully throughout the fast and blood samples handled as described (4) . Two of the C-MSUD patients (77-and 105-mo-old), the patient with P-MSUD, and the eight normal subjects underwent a deuterium-labeled alanine and glucose flux study.
After (4, 5) were determined microfluorometrically. Insulin, glucagon, and growth hormone were measured by radioimmunoassay and cortisol by protein binding assay as described (4) . Quantitative plasma amino acids were performed on a Spinco-Beckman model 119 amino acid analyzer (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.) (6) .
Measurement of stable isotope enrichment. Flux rate determinations were carried out according to the methods of Bier et al. (7) . 6, 6-di-deuteroglucose (D2-glucose) and 2d,- Each isotopic preparation was pyrogen-free as determined by a Food and Drug Administration-licensed commercial laboratory. The isotopes were dissolved in sterile saline, millipore filtered (0.2 ,um), and autoclaved.
Glucose and amino acids from the perchloric acid extracts were separated by liquid chromatography according to the procedure of Kriesberg et al. (8) with appropriate reduction in all reagents to accommodate smaller sample size. Glucoseand amino acid-containing fractions were lyophilized to dryness. 6-0 Acetyl 1,2:3,5-di-0 (n-butane boronyl)-aD-glucofuranose was prepared from the dried glucose-containing fraction by the method of Sherman and Wiecko (9) . N,O Tri-methylsilylalanine was prepared from the dried amino acid-containing fraction by the procedure of Gehrke and Leimer (10) with the exception that the reaction was carried out at room temperature for 24 h (7).
Deuterium enrichment of glucose and alanine was measured on a PDP-12 computer-controlled LKB-9000 gas chromatograph-mass spectrometer (GC-MS) (LKB Instruments, Inc., Rockville, Md.) or a computer controlled Finnigan 3200 GC-MS (Finnigan Corp., Sunnyvale, Calif.) with an ionizing voltage of 70 eV. Because of day-to-day variation in accelerating voltage and mass spectrometer settings, a glucose or alanine standard curve of known enrichment was run before the samples. N,O Trimethylsilylalanine was separated from other amino acid derivatives on a 2 m x 2 mm 10% OV-11 column programmed from 900 to 200°C at 4°C/min. aD-glucofuranose was separated on a 2 m x 2 mm 3% OV-17 column at 210°C. Calibration curves, sensitivity, and reproducibility have been published (11) .
Calculation offlux rates and statistics. Substrate inflow and outflow rates were calculated according to standard formula (12, 13) . Data comparisons between the normal and MSUD subjects were performed by nonpaired two tailed Student's t test. Comparisons within groups were carried out by a paired Student's t test. All data are expressed as mean ±1 SE unless specifically stated otherwise.
RESULTS
During the fast, plasma glucose and insulin concentrations decreased and blood /-hydroxybutyrate and acetoacetate concentrations increased in the MSUD patients and were indistinguishable from those ofthe normal subjects (Fig. 1 ). Lactate concentrations were elevated postprandially in the MSUD patients (2,737 ±292 ,uM, C-MSUD; 4319 ,uM, P-MSUD) when compared with those of the normal subjects (1,862 ± 137 ,uM, P < 0.02 from C-MSUD patients). However, subsequent blood lactate and all the pyruvate concentrations were similar between the MSUD patients and the normal subjects (Table II) . Plasma concentrations of glucagon, cortisol, and growth hormone obtained in both groups were similar throughout the fast (Fig. 2) .
Postprandial, plasma leucine concentrations were significantly elevated in the C-MSUD patients when compared to those of normal subjects (Fig. 3) (Fig. 3) .
During the first 22 h of fasting plasma isoleucine and valine concentrations decreased (P < 0.02) in the normal subjects and returned to basal values by 30 h of the fast. In the C-MSUD subjects, isoleucine (P < 0.05) and valine (P < 0.025) concentrations in- creased throughout the period of fasting. Plasma isoleucine and valine concentrations changed little in the P-MSUD subject during the 26 h of fasting (Fig. 3 , Table II ).
Postprandial plasma alanine concentrations were I P < 0.05 from normals.
5 P < 0.01 from normals. "P < 0.001 from normals. ¶ Methionine plus alloisoleucine (14) .
lower in the C-MSUD patients when compared to those of the normal subjects (153±8 ,uM vs. 495+27 ,uM, P < 0.001) with an intermediate concentration observed in the P-MSUD patient (268 ,uM) (Fig. 4) . Plasma alanine decreased in all subjects during the fast (end of fast data; C-MSUD, 69+7 AM; P-MSUD, 82
AM; normal subjects, 185+15 ,tM at 26 h fasting and 113±5 ,uM at 30 h fasting) (Fig. 4) . In the normal subjects, plasma glutamine concentrations decreased from 567±34 ,uM to 409±59 ,uM by 30 h fasting. In contrast, glutamine concentrations were lower than controls (P < 0.05) and changed little in the C-MSUD patients during the fast (420±52,M). The postprandial glutamine concentration was elevated (759,uM) in the P-MSUD patient and decreased throughout the fast to a concentration (308,M) below the mean of the normal subjects (Fig. 4) . Plasma proline concentrations were lower in the C-MSUD patients when compared to those of the normal subjects but were only significantly different at the end of the fast (P < 0.05, Table II ). Plasma proline concentrations in the P-MSUD subject were similar to those of the C-MSUD subjects during the fast (Table  II) . No differences were observed in the plasma concentrations of aspartate, threonine, serine, glycine, glutamate, tyrosine, or phenylalanine throughout the fast between the groups studied (Table II) .
Deuterated alanine-glucose turnover studies. During the 5 h of the stable isotope infusion, plasma glucose concentrations and isotopic enrichment in the C-MSUD patients and P-MSUD patient were similar to those obtained in the normal subjects. Glucose flux was calculated over the last hour of the study during which time both glucose concentration and glucose enrichment were nearly constant in all subjects studied. Glucose inflow and outflow in the MSUD patients were within 2 SD of the mean of the normal subjects (Table III) . Plasma alanine concentrations were lower in all MSUD patients when compared to the normal subjects and fell during the period of study. Good isotopic equilibrium was accomplished in all subjects by 210 min of the infusion. Alanine inflow and outflow in the C-MSUD patients were >3 SD below those of the control subjects (inflow in the C-MSUD patients was 3.76, and 4.00 ,umol/kg per min vs. control of 11.72 ±2.53 ,umol/kg per min, mean-+l SD; outflow in the C-MSUD was 3.78 and 4.0 Amol/kg per min vs. controls of 11.81+2.53 ,umol, kg/min, mean+±1 SD). The P-MSUD patient had analanine flux >2 SD below those of the normal subjects (inflow of 5.76 ,umol/kg per min; outflow was 5.88 ,umol/kg per min) (Table III) . Several varieties of MSUD are now recognized: classical (14) and partial (intermediate and intermittent) (15) (16) (17) . creased inflow ofbranched chain amino acids cannot be directly ruled out. Although the mechanisms involved are not understood, it is of interest that the subsequent rise in branched chain amino acid concentrations in both the MSUD and normal subjects paralleled the increase in blood ketone body concentrations.
The branched chain amino acids (leucine, isoleucine, and valine) are essential amino acids which are ingested in large excess to the amount necessary to sustain protein synthesis and normal growth (18) . Therefore, the catabolism of branched chain amino acids may make a significant contribution as energy and nitrogen sources (19) . Availability of leucine has been linked to the rates of alanine and glutamine production by muscle in vitro (2, 3) . The source of the carbon skeleton of alanine is pyruvate, but whether the pyruvate is derived from glycolysis (20) other amino acids (via malic enzyme [3] ) or some combination of the two remains to be clarified. In contrast, the carbon skeleton of glutamine is derived from glutamate via glutamate synthetase. Because alanine is formed by the transamination of glutamate and pyruvate, glutamate is a common intermediate for both alanine and glutamine synthesis. Branched chain amino acid transaminase, the first enzymatic step in the catabolism of branched chain amino acids, converts a-ketoglutarate and branched chain amino acid to glutamate and the respective branched chain a-keto acid (21) . Therefore, it is not surprising that addition of branched chain amino acids to muscle preparations in vitro whether in physiologic (2) or pharmacologic (3) concentrations, results in accelerated production of alanine and glutamine (Fig. 5A) .
At the time ofinitial diagnosis, plasma concentrations of alanine in MSUD patients are extremely low and with dietary therapy increase but never return to normal (22) . A defect in the oxidative decarboxylation of branched chain amino acids and decreased transamination of branched chain amino acids would result in decreased branched chain amino acid dependent glutamate generation (Fig. SB) . Therefore, it is of note that the alanine flux inversely correlated with the presumed relative activities of the oxidative decarboxylase in the children studied (r = 0.841, P < 0.01). Infusion of ketone bodies has resulted in decreased alanine concentrations in adults (23), and we have observed low alanine concentrations in fasted ketotic normal children (24) . Neither ketosis per se nor any other circulating hormone measured can be causally related to the decrease in alanine concentrations or flux in the MSUD subjects because the ketone body and glucoregulatory hormone concentrations were similar in all subjects studied. Although secondary metabolic effects on alanine synthesis by intracellular accumulation of the branched chain a-keto acids cannot be excluded, we believe that the primary effect is the rate of branched chain amino acid-dependent glutamate generation. If this assumption is correct, as much as 70% of alanine production in normal children may be dependent on branched chain amino acid catabolism.
Although specific flux studies of glutamine were not carried out, the observed decreased plasma concentrations of glutamine in the C-MSUD subjects throughout the fast and the P-MSUD patient at the end of the fast also could be secondary to decreased availability of glutamate. Further indirect evidence of decreased intracellular glutamate pool is the reduction in proline, because proline can be metabolized to glutamate.
During fasting in adults it has been estimated that as much as 50% of hepatic glucose production is derived from amino acids, and alanine alone may contribute up to half of this (25) . Hypoalaninemia has been associated with hypoglycemia in individuals with hypopituitarism (24), ketotic hypoglycemia (4), renal failure (26) and MSUD (22) . Pharmacologic testing of hepatic gluconeogenesis by alanine infusion in these disorders has demonstrated normal glucose production with the exception of MSUD. In a single patient studied in this laboratory before and after dietary therapy, alanine infusion resulted in normal alanine disappearance, no rise in plasma glucose, lactate, or pyruvate, but a sustained accumulation of glutamine. We concluded that there was a preferential shunting of three carbon units into glutamine leading to decreased net oxaloacetate production and a secondary impairment in hepatic glucose production from alanine (22) . The normal glucose flux rates in the postabsorptive state and the absence of hypoglycemia in our patients were unexpected. Two explanations might be proposed: to avoid severe metabolic acidosis the MSUD subjects were fasted for only 26 h and this may not have been a sufficient challenge to elicit hypoglycemia; or, another substrate(s) (e.g., lactate, other amino acids) may have a greater fractional contribution to hepatic glucose production. Until carbon labeled compounds (13C or 14C) are used, the specific contribution of gluconeogenic precursors to hepatic glucose production remains to be clarified.
Although these studies were performed in the complex in vivo setting, it is only through the study of individuals with selective enzymatic deficiencies that we are able to appreciate the role of selected substrates or metabolic pathways as they relate to overall fuel homeostasis in man. Our results are consistent with in vitro studies which demonstrate an important role for branched chain amino acids in the formation of alanine in vivo and indicate that a significant percentage of alanine production in children may be dependent on branched chain amino acid catabolism.
